The objective was to establish and evaluate a method for manufacture of custom trays for edentulous jaws using computer aided design and fused deposition modeling (FDM) technologies. A digital method for design the custom trays for edentulous jaws was established. The tissue surface data of ten standard mandibular edentulous plaster models, which was used to design the digital custom tray in a reverse engineering software, were obtained using a 3D scanner. The designed tray was printed by a 3D FDM printing device. Another ten hand-made custom trays were produced as control. The 3-dimentional surface data of models and custom trays was scanned to evaluate the accuracy of reserved impression space, while the difference between digitally made trays and hand-made trays were analyzed. The digitally made custom trays achieved a good matching with the mandibular model, showing higher accuracy than the hand-made ones. There was no significant difference of the reserved space between different models and its matched digitally made trays. With 3D scanning, CAD and FDM technology, an efficient method of custom tray production was established, which achieved a high reproducibility and accuracy.
In China 1 , nearly 6.8% of people between the ages of 65 and 74 years old, which accounts for around 10 million people, are completely edentulous, and this proportion is expected to increase with increasing life span. At present, the conventional method of restoring edentulous jaws is through the use of complete dentures [2] [3] [4] . Thus, the production of complete denture prostheses is also expected to be a large demand.
Achievement of an excellent prognosis for a complete denture treatment requires four key steps [3] [4] [5] : impression and cast of the edentulous jaw, the maxillomandibular relationship recording, design and manufacture of the complete denture and clinical try-in. Of these, an accurate impression and cast is the foundation for the retention and stability of the dentures. A working impression should contain three factors: the precise anatomical landmarks of the edentulous jaws, an appropriate extension range and the functional morphology of surrounding tissues.
According to the impression-taking times, there are primary impression method and secondary impression method 3, 4, 6 . The primary impression method uses a suitable stock impression tray and impression material to make the final impression. The stock impression tray, however, rarely matches the shape of a patient's alveolar and dental arch. This technique cannot guarantee an appropriate extension of the denture border or uniform thickness of the impression material and is, therefore, seldom used in patients 7 . The secondary impression method takes a primary impression and a secondary impression. The primary impression is taken by a stock tray with alginate or impression compound, into which the primary gypsum cast is perfused. After filling the undercuts, wax of a certain thickness (usually 2 mm) is baked and paved onto the cast, to allow some space between the tissue surface of the primary cast and the custom impression tray. Next, a chemical curing resin or photo-curable resin is paved onto the surface of the wax at a thickness of 2 mm. Once the moderate extension margin is trimmed, the tray is then cured. This custom tray is then used to make the final impression. Compared to the primary impression method, the secondary impression method allows for production of a tray that fits well and easily makes an accurate impression of the patient's jaws 8, 9 . However, this technique takes extra time and materials, and the deformation of wax when paving onto the cast often leads to non-uniform space for the final impression material.
With the development of digital technology, more manual prosthodontic operations can be replaced by digital methods to improve the efficiency of production and the accuracy. In regards to fixed prostheses, from optical impression to computer-aided design (CAD) and computer-aided manufacture (CAM), a relatively mature digital solution is available [10] [11] [12] [13] . However, there are only a few of publications on the digital design and manufacture of complete dentures and the digital solution for edentulous impression taking is still lacking 14, 15 . This study, therefore, attempted to explore a digital design methodology for production of a custom dental impression tray. Three-dimensional (3D) scanning technology was used to obtain tissue surface data of a primary impression, and CAD technology was used to design the custom tray. Fused deposition modeling (FDM), a kind of 3D printing technology, was ultimately used to produce the tray. Lastly, areas of potential error and difficulty in the process of digital design and production of the custom tray were also analyzed.
Materials and methods
Sample preparation and 3D data acquisition. Ten standard mandibular edentulous plaster cast models were produced in a same matrix. The tissue surface of the standard plaster cast model was obtained using a 3D model scanner (Activity 880, Smart Optics, Germany), accuracy at 20 μ m, and saved in the STL file format (Fig. 1) .
CAD.
The scanned data of cast model was imported into a reverse engineering software (Geomagic 2012, Raindrop, USA) where, using an interactive plotted command, the margin of the tray area was extracted and trimmed ( Fig. 1 ). The trimmed surface was then offset along the normal direction by 2 mm, forming an interior surface of the custom tray. To create the solid 3D model of the custom tray body, a 2-mm shell of the interior surface of the tray was drawn out. A handle was also designed and connected to the body of the tray. The designed custom tray data was then saved in the STL file format.
3D Printing.
The CAD custom tray data was imported into a computer system connected to the FDM printer (Lingtong I, BeijingSHINO, China), and the custom tray was printed layer upon layer at 0.2 mm/layer using polylactic acid (PLA) filament.
Set up of the control group. Another ten custom trays were made upon the same mandibular edentulous plaster cast models, using conventional methods (Fig. 2) . A 2 mm thick wax was baked to be soft enough, and paved onto the tissue surface of cast model. After the wax cooled down, a slice of photo-curable resin was paved onto the surface of wax and trimmed to appropriate size. Finally a bar was added to the body of custom tray, and the tray was subjected to light curing for 10 min.
Evaluation of the reserve space of digitally made custom tray. The surface of the FDM printed custom trays were scanned. With registration commands in the Geomagic software, the scanned tray data was registered to its CAD data, so as to put the custom tray virtually in the right place over the model simulating the clinical operation of taking secondary impression. The point-cloud deviation analysis program in another reverse engineering software (Imageware 13.0, EDS, USA) was used to calculate the distance between the tissue surface of custom tray and plaster cast model. Around 500 evenly distributed points were selected, where the distances between FDM printed tray and cast model were measured to evaluate the reserved space for impression material.
Evaluation of the reserve space of hand-made custom tray. After light curing of the hand-made custom tray, the profile of the model-wax-tray combination was scanned in the 3D model scanner, after which the hand-made tray and model were scanned separately. With registration commands in the Geomagic software, the scanned hand-made tray data and plaster cast model data were registered to the "model-wax-tray" data. The distances between tissue surfaces of tray and model were measured in imageware 13.0 and around 500 points were selected for statistic.
Statistic methods. The comparison of reserved impression material space between digitally made trays and hand-made trays was performed using independent sample T test. P values equal to or less than 0.05 were considered to be statistically significant. All statistical tests were performed in SPSS version 17.0 (IBM).
Analysis of error in FDM printing. After registering the tissue surface of FDM printed custom tray to its CAD data in the Geomagic software, the deviation between them was then analyzed in Imageware. The deviation at around 500 evenly distributed points of each tray were selected for statistic, and one way analysis of variance (ANOVA) was used for the analysis.
Results
As shown in Fig. 1 , use of a completely digital methodology allowed for the design and production of a custom tray that fit the plaster model. To better assess the accuracy of the design, consistency of spacing and fit during reproduction were measured.
The space between tissue surfaces of cast model and custom tray was expected to be 2.00 mm, while the distance in hand-made tray group showed a lager value than digitally made ones. As the equal variances were not assumed by the levene's test, the adjusted t-test value was used in Table 1 . The mean values and standard deviations of reserved space in hand-made trays (mean: 2.08~2.24 mm; SD: 0.26~0.56 mm) showed significant larger value than the digitally made trays, which had very stable values (mean: 2.01~2.02 mm; SD: 0.09~0.10 mm). The one-way ANOVA of reserved space in digitally made trays shown no significant difference between different models (P = 0.092). Deviation of reserved space occurred in the border area showed lager value than in the central area of the trays despite of different groups (Fig. 3) .
As shown in Fig. 4 , the deviation between the tissue surfaces of the FDM printed tray and its CAD data told the error in the FDM printing step. There also showed a potential of increase of deviation from the central area to the border area, however, the overall deviation was rather low (mean: 0.02~0.03 mm; SD: 0.09~0.10 mm) ( Table 2 ).
Discussion
Combining 3D data acquisition with CAD/CAM techniques, this study explored a digital methodology for the production of custom trays for edentulous jaw. The CAD process for custom tray design was prepared using Geomagic software, which is a powerful reverse engineering software that has been widely used in the analysis and processing of point-cloud data. In this study, a uniform space of 2 mm between the custom tray and the edentulous jaw model was designed to be reserved for the final impression materials. Specifically, the tray's tissue surface was generated by moving the primary impression's surface data at all points along its normal direction by 2 mm using the offset function of the Geomagic software. Clinically 2,4 , the reserved space might present differences when working with different final impression materials. Generally, the 2 mm space is appropriate for alginate, but for impression materials possessing better liquidity, such as silicone rubber, the ideal space should be less. In the Geomagic software, offsets may be customized for both the entire tray, based on the intended impression materials, and for specific regions of the tray. To achieve the effect of selective pressure impression 3, 4, 9 , a small offset should be set in the primary and secondary Table 1 . Mean (SD) distance values between cast model and custom trays at the selected points. RS = Reserved Space; SD = Standard deviation; N = Number of tested points; DMTray = Digitally made tray; HMTray = Hand-made tray; P = P value of independent sample T test; Equality of Variances = Levene's Test for Equality of Variances. stress-bearing areas, while a larger offset should be set in the area of bony prominences or loose alveolar tissue in need of buffering. The CAM process of custom tray manufacture can be completed using 3D FDM printing technology 16, 17 . In this study, a FDM printer was used along with polylactic acid (PLA) filament as the impression material. PLA, also known as polylactide, is a renewable and non-polluting bio-resin extracted from corn and is suitable for medical use [18] [19] [20] . After melting the filamentous hot-melt material in the printer, the material is applied to the printer table via a computer-controlled nozzle according to the cross-sectional contour information. The material is rapidly cooled to its final solid form as it is being added. Following the FDM process, the impression is built layer upon layer from the bottom up as the table moves lower following each complete pass of the nozzle.
Compared with the hand-made trays, the reserved space of the digitally made trays showed very small deviation from 2 mm, and no statistically significant difference between the ten different models, achieving a higher accuracy and reproducibility. The relatively high deviation of reserved space in hade-made trays may be caused by the deformation of the baked wax, which didn't closely fit to the model, resulting in more reserved space.
In the FDM forming process, the major factors affecting the accuracy of the forming include 16, 21 : the discretization of CAD process, performance of the filament material, exact width of the nozzle, temperature (both temperature of the nozzle and temperature of the forming chamber/table), speed of material extrusion and filling and layer thickness and direction. In this study, the diameter of the 3D FDM printer nozzle is 0.4 mm; the accuracy of its XY axis positioning is 10 microns; and the accuracy of its Z-axis positioning is 5 microns. The layer thickness of the printer can be set from high accuracy (100 microns) to low accuracy (300 microns). The higher the accuracy, the longer it takes to finish the printing process. In this study, medium accuracy (200 microns) was chosen. The printing time for one mandibular custom tray was about 45 min, and the shrinkage of the PLA printing material was 0.3%. If precision of the final tray needs to increase, a higher printing layer precision can be selected.
The ability to design and print a highly accurate custom edentulous impression tray using digital 3D technology is the most important feature of this study. The tissue surface morphology of the digitally designed edentulous tray was matched with the 3D landmarks of the edentulous jaw model, creating a uniform 3D space for the impression materials. The 3D printing method (FDM technology) used in this study has replaced the traditional clinical method consisting of using a pencil to outline the edge of custom trays on plaster casts and wax sheet paving. Although it costs about 50 min for the 3D printing of one mandibular tray, time consumed for the 3D scanning of the primary model and the CAD procedure of the digital tray is only about 10 min (5 min for scanning and 5 min for CAD). As the scanning and printing work can be almost automatically finished by machine, the hand operation time needed is only about 5 min. The overall time of the digital producing procedure will be effectively reduced with the upgrade of the hardware and the development of a specialized custom tray CAD software. The improvements of this methodology will save time in the clinic and also improve the accuracy and overall efficiency of the production process. Regardless of the technology used to produce a custom tray, when time to make the final impression, it is difficult to determine its exact position and orientation within the patient's mouth. Furthermore, when the operator lacks experience, placement error will increase. For example, the maldistribution in thickness of the final impression material may lead to the deformation of the alveolar mucosa, thus affecting the accuracy, quality and adaption of the final impression. Further studies are needed on the application of digital design and product technology to improve the precision of edentulous custom tray positioning within the patient's mouth.
